The behavioural and physiological responses of Heltsoma duryi to solutions of three South African medicinal, mollusricidal plants (Warburgia salutans, Gardenia thunbergia and Apodytes dunidiata subsp dxmidiata) were investigated. Clinical signs of toxiclty, oxygen consumption, heart rate and water uptake were used to assess response to these molluscicides. All plants produced symptoms characteristic of the distress syndrome described by Harry & Aldrich (1963). Haemolysis, however, occurred only in response to extracts of C. thunbergia. Respiratory failure in snails exposed to the W. salutans and G thunbergia did not appear to be the primary cause of mortality. All plants produced a significant lowering of heart rate at lethal concentrations. Water unbalance, which is a commonly suggested effect, did not occur. The difficulty of inferring mode of action from observed effects is emphasized. Although some responses are common to the three plant molluscicides under investigation, the differences clearly indicate the potential for alternative modes of action.
INTRODUCTION
Despite more than half a century of international research on schistosomiasis control, this disease remains a publie health concern in many Third World countries. Control of the intermediate snail host is still considered the most important means of control where the volume of water per head of the human population at risk of infection is small (Webbe, 1987) .
Copper compounds were employed as molluscicides as early as the 1920s, however nothing was understood of their mode of action.
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Little changed in the 50 years that followed, but this did not deter wide scale application (Cheng & Sullivan, 1974) . Twenty years hence and despite some progress (Osterberg, 1987) , the precise effects of these compounds on snail tissues remains ill-defined. The use of copper compounds has since been replaced by safer and more effective synthetics (e.g. Frescon*, Bayluscide"), and by plant molluscicides (saponins being the most notable (Marston & Hostettmann, 1991) ) Mode-of-action studies aim to discover which molluscan systems are affected by molluscicides. These systems include activity at the cellular level, uptake into the snail, distribution, metabolism and excretion (Duncan, 1987a) . Not only is this knowledge basic to the search for new synthetic and naturally derived molluscicidal compounds, but is also the result of a fundamental curiosity as to why, and how, some compounds are able to induce mortality in freshwater snails.
The first attempts to address modes of action (Harry, Cumbie & Martinez De Jesus, 1957; Harry & Aldrich, 1963) were accounts of behaviourial changes in Biomphalaria glabrata (Say.); reported as a "distress syndrome". This condition was evoked at sublethal concentrations of metallic ions (notably copper). It has since been described for a wide variety of other compounds (Michelson, 1957; Van der Schalie, 1958; Cheng & Sullivan, 1973a; Malek & Cheng, 1974; Duncan, 1987b; Webbe, 1987) . De Villiers & Mackenzie (1963) classified molluscicides according to two further characters: poisons of enzymes which rely on sulfhydryl groups (e.g. copper sulphate), and those which interfere with osmoregulation (e.g. Bayluscide®, Pentachlorophenol and most organic molluscicides). These two effects are not mutually exclusive. Copper, for example, has been 460 T.E. CLARK & C C. APPLETON implicated with respect to both (Osterberg, 1987) . Numerous other responses have since been recorded (Webbe, 1987) , mainly from the study of synthetic compounds, as little work has been done on naturally-derived compounds. Adewunmi & Adesogan (1986) provided one of the few examples of work on plant molluscicides. Figure 1 , while summarizing documented effects, highlights the urgency for a more comprehensive review of the current state of knowledge with respect to mode-of-action (given below).
The Distress Syndrome
The "distress syndrome" described by Harry et al. (1957) has the following characteristics:
i. extension of the cephalopedal mass, either fully or partially, from the shell aperture ii. inability to attach to the substrate iii. release of haemolymph into the water iv. swelling of tentacles and sloughing of cells at the tentacular bases v. sand grains normally retained in the stomach are defecated vi. a reduction in heart rate vii. excessive production of mucus Webbe (1987) 
Water balance
Given that the haemolymph of freshwater pulmonates is hyper-osmotic to the external medium and that most molluscan tissues are highly permeable, maintenance of water balance must be continuous (Machin, 1975) . Any compound interfering with the mechanisms maintaining water balance will therefore lead to a rapid increase or decrease in body weight. The swelling of body tissues following the application of molluscicides has been suggested as a failure of water balance control (McMuUen, 1952; Harry et aL, 1957; De VilHers & Mackenzie, 1963; Hopf, Duncan, Beesley, Webley & Sturrock, 1967; Cheng & Sullivan, 1977; Webbe, 1987) . The osmotically induced inflow of water in B. glabrata due to copper has been proposed as the cause of mortality (Cheng & Sullivan, 1974) . How then is osmoregulation being impaired? Molluscicides may act directly on the membranes. Cheng & Sullivan (1977) found experimental snails exposed to copper to have a higher ratio of wet to dry weight. They also observed a distention of the rectal ridge, apparently due to osmotic influx. In this case, damage to epithelial surfaces and consequent increases in permeability of epithelial membranes could have led to the accumulation of water in tissues (Cheng & Sullivan, 1977) . Damage may also lead to loss of haemolymph, and hence water. However, this latter effect would result in loss rather than uptake of water. Van Aardt & Coertze (1981) concluded that the effects of copper were not limited to particular organs, tissues or cells in Bulinus tropicus (Krauss) but occurred throughout the snail body. They postulated that the basic cause of gross disturbances of water balance is change in the permeability of cell membranes, particularly epithelial cells. Copper was indeed shown to inhibit the ATP-ase activity necessary for active membrane transport.
Analysis of treated snails for copper deposits showed that copper accumulated in 
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ANOVA for oxygen consumption at 20-minute intervals over a two-hour observation period A: F-ratio=Z344; df=5, 60; NS B: F-rat»=0.696; df=5, 36; NS C: F-ratio=4.215; df=5, 36; P<0 01 the epithelial covering of the head-foot and rectal ridge (Cheng & Sullivan, 1974) . One suggestion was that this area may be involved in oxygen uptake (Osterberg, 1987) . Copper would therefore affect snails, as it does fish, by interfering with respiration (Osterberg, 1987) . The effect on oxygen uptake may be secondary. It has also been suggested that copper disrupts osmoregulation, resulting in swelling which then leads to impaired respiration and death by asphyxiation (Osterberg, 1987) . Since the kidney is the principal water volume regulator in freshwater pulmonates (Machin, 1975) , water imbalance may relate to the impairment of kidney function. This has been shown for nembutal and MS222 anaesthesia which rapidly bring about a decrease in urination, and hence an increase in body weight (5% within 8 minutes) (Machin, 1975) . The effects may again be indirect For example, copper poisoning, which is known to decrease the heart rate would impair the efficiency with which the heart-kidney is able to remove excess body water (Duncan, 1987a) .
Molluscan water balance, as for other invertebrates, is ultimately under neurosecretory control (Lever, Jansen & De Vlieger, 1961; Lever & Joosse, 1961) . The pleural ganglia in Lymnaea stagnalxs (L.) are thought to be responsible. Accordingly, damage to the ganglia or neurosecretion could also result in water imbalance. Removal of the pleural ganglia has been shown to reduce the ability to control water balance (Lever et aL, 1961 (Duncan, 1987b) , and copper sulphate in Indoplanorbis exustus (Deshayes) (Webbe, 1987a) . This stress alone is considered sufficiently great to cause mortality. The reduction of normal water flow may also precipitate other physiological disturbances.
Further, water imbalance could arise from the excessive production of mucus when the snail encounters the toxin. This suggestion is unsubstantiated because of a lack of quantitative data relating mucus production to the maintenance of water balance (Machin, 1975) .
Respiration and carbohydrate metabolism
Oxygen consumption has been proposed as one of best indicators of overall metabolic activities (Von Brand, Mehlman & Nolan, 1949) . Gaseous exchange in pulmonates can take place both cutaneously and through the "lung", a modified vascularized area in the mantle cavity (Cheng & Sullivan, 1974; Ghiretti & Ghiretti-Migaldi, 1975) . The relative importance of these two sites in oxygen consumption has been debated by Alberts (1966) . He concluded that cutaneous respiration was most important in meeting the oxygen requirements of pulmonates. Any damage to cutaneous respiration would therefore result in changes in oxygen consumption.
As with osmoregulation, the site of entry for oxygen may be affected by molluscicides. As previously discussed the accumulation of copper in the epithelium could result in asphyxiation (Osterberg, 1987) . The epithelial lining of the head-foot and rectal ridge is, however, 
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ANOVA for oxygen consumption at 20-mmute intervals over a two-hour observation period A: F-ratio=2 344; df=5, 60; NS B. F-rato=4 601, df=5, 60; P<0 01 C: F-ratio=1 305; df=5. 48; NS poorly vascularized and possibly not the primary area for oxygen uptake (Osterberg, 1987) . Molluscicide effects on haemoglobin, the oxygen carrier in the Planorbidae, could alter oxygen consumption. Cheng (1975) , however, found that although copper sulphate ions destroyed pigment cells in the connective tissue of the rectal ridge, there was no observed lowering of haemoglobin concentration.
The correlation between heart rate and oxygen consumption, at least in Biomphalana glabrata (see Von Brand et aL, 1950) , also presents problems in making assumptions about possible effects. Is observed mortality due to effects on the heart, or on osmoregulation (Von Brand et aL, 1950; Lee & Cheng, 1971) ? Is the inhibition of oxygen uptake indeed equivalent to killing snails (Andrews, Thyssen & Lorke, 1987) , since sublethal concentrations of niclosamide showed no effect on the survival of B. alexandrina (Ehrenberg) over 96 hours (Ishak & Mohamed, 1975) ?
Compounds such as napthoquinones, inhibit enzyme systems involved in oxygen consumption or glycolysis in various invertebrates (Von Brand et aL, 1949) . The activity of copper has been attributed to inhibition of oxidative phosphorylation due to its effects on enzymic sulfhydryl groups (McCullough & Mott, 1983) . Since snails have a low sulfhydryl content in their tissues, they are sensitive to enzymes utilizing-SH groups. Inhibition and stimulation of oxidation has been shown for other synthetic molluscicides; pentachlorophenol and niclosamide (Duncan, 1987a) . . Mean heart rate and 95% confidence limits for H. duryi exposed to aqueous suspensions over a 48-hour obseration period (24-hour exposure and 24-hour recovery) (WB = W. salutans, GD = G. thunbergia, AP = A dimiduua, CONT = control)
PHYSIOLOGICAL EFFECTS OF PLANT MOLLUSCICIDES
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Heart rate
The slowing of heart rate is a feature of the distress syndrome described by Hany & Aldrich (1963) , and has been demonstrated both in vitro and in vivo (Banna & Plummer, 1978) . Cheng & Sullivan (1973a) graded the advance of the distress syndrome using heart rate and suggested that it was a good quantitative method for determining the effects of candidate molluscicides. However, this characteristic does not indicate the mode of action.
Suggestions have included direct effects on the heart, or pacemaker activity itself (Cheng & Sullivan, 1973a) . These authors further proposed that retraction into the shell leads to a reduction in heart rate. Caution is required in accepting this suggestion. Notably, the experimental conditions of Cheng & Sullivan (1973a) bore little resemblance to those operating when snails are in a toxic solution; the heart rate was measured in snails which were forced to remain retracted within their shells through the use of paraplast film.
The relationship between heart rate and oxygen consumption has already been considered. The relative contributions of oxygen consumption and heart rate to mortality are hence difficult to assess independently.
Haemolysis
The discharge of haemolymph during exposure to some molluscicides, e.g. copper (Harry et aL, 1957) , indicates rupture of external membranes. The site of discharge, however, has not been identified and requires further histological investigation. If the foot of L. stagnate is severely stimulated, haemolymph is exuded in the process of rapid withdrawal into the shell (Jones, 1975) . Lever & Bekius (1965) suggested that in emergency situations, haemolymph is released through the haemal pore (located in the pneumostome close to the nephridiopore (Hymen, 1967) . Van Aardt & Frey (1981) & Bekius (1965) , although no such structure has yet been described for this species.
Neurological effects
The nature of the molluscan nervous system is such that damage to it could result in a wide range of effects, including those systems already discussed, e.g. changes in heart rate, oxygen consumption and water uptake (Hassall, 1982) . Mention has been made of water imbalance through damage to neurosecretory cells and pleural ganglia. Damage to pacemaker activities of the heart also implicates neurological effects. According to Hanumante, Nagabhushanam & Vaidya (1976) copper sulphate increases the nuclear diameter of certain neurosecretory cells in Indoplanorbis exustus. This probably results in an increase in the rate of transport and release of neurosecretory material. Brezden & Gardner (1980) have shown that Frescon® is capable of disrupting the in vitro electrophysiological activity of the Lymnaea central nervous system (CNS). Severe disruption of the CNS could cause the observed snail deaths. Neurological investigations into the effects of molluscicides is a neglected field which may be able to clarify the original symptoms described for the distress syndrome, and for mode(s) of action in general.
The above account of potential and established modes of action clearly indicates the interpretation difficulties experienced by researchers in their attempts to solve the fundamental question of how snails die. The complexity of snail physiology makes definitive conclusions difficult to draw. The identification of common patterns of response is important in both confirming and suggesting potential PHYSIOLOGICAL EFFECTS OF PLANT MOLLUSCICIDES 467 modes of action. From the diversity of possible molluscicidal effects (Fig. 1) , the clinical signs of toxicity, oxygen consumption, heart rate and water uptake were selected as criteria for evaluating the molluscicidal effects of aqueous suspensions of Warburgia salutaris (Bertoloni filius) Chiovenda (Cannellaceae), Gardenia thunbergia Linnaeus filius (Rubiaceae) and Apodytes dimidiata Meyer ex Arnott subsp. dimidiata (Icacinaceae).
MATERIALS AND METHODS
Although Bulinus africanus (Krauss) and Biomphalana pfeiffen (Krauss) are the intermediate hosts of unnary and intestinal schistosomiasis, respectively, in South Africa, Helisoma duryi (Wetherby) was used as an experimental subject for the following reasons. This study formed part of a larger investigation for which a considerable number of snails were required. Laboratory colonies simply could not sustain the demand for experimental material of either B. afncanus or B. pfeiffen. H. duryi was a suitable alternative because of the availability of laboratory reared snails of equal size (shell diameter 6-9 mm, mean ± SD = 138 ± 0.0101); a sufficiently transparent shell for observations of ventricular contraction of the heart; confirmation of the toxicity of the aqueous suspensions under study (Clark, 1995) ; membership of the same family as Bulinus and Biomphalana, and previous employment of this species in other physiological investigations (Von Brand, Nolan & Mann, 1948) .
Unless otherwise indicated, trials followed the protocol given in Appendix 1. The procedure for the preparation of aqueous extracts of molluscicidal plants is given in Appendix 2. Concentrations of test molluscicide were chosen to include a lethal or high sublethal concentration and a low sublethal concentration. Lethal concentrations produced 100% mortality of snails, high sublethal concentrations produced 50-90% mortality and low sublethal concentrations produced <50% mortality. The data were collected from February to May, 1994. no. beats/minute ANOVA for heart rate at intervals over 48 hours observation A. F-rato=5 116, df=5, 37, P<0 01 B F-ratto=11.989; df=5, 25, P<0 001 C F-rabo=2 864; df=5, 25, P<0 05 D F-ratio=2 189; df=5, 18; NS 8 11 TIME (hours) 24 48
Figure 8. Mean heart rate and 95% confidence limits for H duryi exposed to C thunbergia leaves at intervals during 48-hours observation (mean. A = control, B = 0-5 g/1; C = 0 2 g/1, D = 0.1 g/1).
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ANOVA for heart rate at intervals over 48 hours observation A. F-ratio=5 116, df=5, 37; P<0 01 B F-ratio=22.09, df=5, 25, P<0 001 C F-ratio=2.201, <Jf=5, 25; NS D-F-ratio=>3 131, df=5, 18, P<0 05 8 1t TIME (hours) 24 Figure 9 . Mean heart rate and 95% confidence limits for H duryi exposed to A. dimidiata leaves at intervals during 48-hours observation (mean: A = control, B = 4 g/1, C = 1 g/1, D = 0-5 g/1).
Clinical signs of toxicity
Four replicates of five snails each were subjected to lethal and sublethal concentrations of test molluscicides. Concentrations in g/1 were 10, 5,1 for W. salutans and 5, 1, 0J for both G. thunbcrgia and A dimidiata. Lethal concentrations were 10 g/1 for W salutans, 1 g/1 for G. thunbergia and 5 g/1 for A. dimidiata. Behavioural signs of toxicity were noted following a 24-hour exposure and 24-hour recovery period.
Oxygen consumption A Warburg differential respirometer was used for the measurement of oxygen consumption. The methods for measuring oxygen consumption in relation to mollusciridal activity have been widely reported (Von Brand et aL, 1948; Von Brand a ol, 1949; Edwards, 1958; Lee & Cheng, 1971; Cheng & Sullivan, 1973b; Malek & Cheng, 1974) . Seven to 12 specimens of H. duryi were placed in individual reaction flasks containing 4 ml of the test molluscicide. Concentrations in g/1 were 10 (lethal) and 5 (high sublethal) for W. salutaris, 0.5 (high sublethal) and 0.2 (low sublethal) for G. thunbergia and 4 (high sublethal) and 1 (low sublethal) for A dimidiata Two-tenths of 1 ml of 20% potassium hydroxide was placed in the centre well of each flask, together with a filter paper fan (Whatman No. 1). The KOH absorbed the CO? evolved. A thermobarometer, consisting of an empty flask containing only KOH was included in each experiment to compensate for short-term fluctuations in atmospheric pressure. Any changes recorded were added or subtracted from experimental values, depending on whether they represented positive or negative pressure changes. Flasks were submerged in a waterbath maintained at 26°C, and shaken at 80 oscillations per minute. They were then allowed to equilibrate for two hours. After this period the respirometnc readings were recorded at 20-mwute intervals for a two-hour period. Although an equilibration time of 15 minutes has frequently been cited (Lee & Cheng, 1971;  Cheng & Sullivan, 1973b), preliminary trials for this experiment revealed that stabilization of manometer readings took between 1 and 1-5 hours. Handling of snails is known to result in stress with resultant changes in oxygen uptake (Hayes, Speakman & Racey, 1992). Recordings were effectively taken two to four hours from the start of the exposure period A standard two-hour recording period was employed. Longer recording periods were not feasible given the low hquid volume of the reaction flask The WHO (1965) recommended that for toxicity trials the volume per snail should not be less than 40 ml. Confinement to the Warburg flasks employed in the current study may have caused stress to snails. At the conclusion of the observation period the snails were dried for 24 hours at 70°C, and weighed. The raw respirometnc data were converted to jjd/g dry weight/hour. Respirometnc data were similarly obtained for control snails immersed in dechlonnated tap water.
Differences in oxygen consumption were compared using Student's t-tests, F-tests and analysis of variance (ANOVA) in STATGRAPHICS (STSC Inc. 1985-1991).
Heart rate
Methods for measuring heart rate followed Malek & Cheng (1974), five to seven specimens of H duryi were placed in 250 ml of test solution at 26°C As heart rate is inversely proportional to size (Lee & Cheng, 1971), care was taken to choose snails of the same size for a trial. The following lethal and sublethal concentrations were tested (in g/1). 10 (lethal), 5 (high sublethal), 1 (low sublethal) for W salutans, 0.5 (high sublethal), 0.2 (low sublethal), 0 1 (low sublethal) for G. thunbergia and 4 (high sublethal), 1 (low sublethal), 0.5 (low sublethal) for A. dimuliata.
The time required to complete 5 ventricular contractions was recorded. The mean of three records was calculated for each snail following 2, 5, 8, 11 and 24 hours of exposure to molluscicide, and again after a 24-hour recovery period. The tunes recorded were then convened to beats/minute. Differences in heart rate were compared between dosage and exposure times using Student's t-tests, F-tests and analysis of variance (ANOVA) in STATGRAPHICS (STSC Inc., 1985-1991)
Water uptake
Methods for the measurement of water uptake followed Cheng & Sullivan (1977). Five to seven specimens of H duryi were placed in 250 ml of test solution for a 24-hour exposure, followed by a 24-hour recovery period. The following sublethal concentrations were tested (g/1): 5,1 for W. salutans, 0.2, 0.1 for G. thunbergia and 1, 0.5 for A. dimidiata. At the end of this period snails were dried with filter paper (Whatman No. 1) for two minutes to standardize the amount of moisture present, and weighed. Snails were dried at 70°C for 24 hours, and reweighed. The rauo of wet to dry weight was then calculated and compared using non-parametnc Mann-Whitney U-tests because of the small sample sizes (Student's t-tests did however produce the same results).
RESULTS
Clinical signs of toxicity
The summarized results (Table 1) show that at lethal concentrations (for 24-hour exposure and 24-hour recovery period) snails were completely inactive and remained retracted within their shells throughout the experiment. Haemolysis was an obvious response to G. thunbergia and snails were unable to recover. At sublethal concentrations there was little activity. Some snails retracted, others were partially extended but slow to respond to mechanical stimulation. Attempts by snails to attach to the substrate were unsuccessful. Mucus production was obvious in all cases, except in response to W. salutans at 10 g/1. Haemolysis occurred predominantly in snails exposed to G. thunbergia.
Oxygen consumption
Warburgia salutaris and G. thunbergia did not cause significant changes in oxygen consumption at lethal and high sublethal concentrations while low sublethal concentrations of A. dimidiata did result m a significant mean increase in oxygen consumption relative to the controls (Fig. 2) . The results of the F-tests showed that variation in oxygen consumption by snails exposed to molluscicides was significantly greater than the natural variation shown by control snails (Table 2 ). Again A. dimidiata was the exception, with the variation not significantly different for snails exposed to 4 g/1.
Mean oxygen consumption recorded at intervals is given in Figures 3, 4 and 5. Mean oxygen consumption by snails exposed to both W. salutaris and G. thunbergia did not differ significantly with time at lethal and high sublethal concentrations, respectively. High sublethal concentrations for W. salutaris and low sublethal concentrations for G. thunbergia both produced a significant fluctuation in oxygen consumption. In contrast, A. dimidiata (Fig. 5) , produced significant changes in oxygen consumption at both high and low sublethal concentrations. Table 2 . Results of t-tests and F-tests for differences between experimental and control oxygen consumption (jtl/g dry weight/hour) taken after a 2-hour exposure period (df = Degrees of Freedom, NS = Non Significant * = P,0.05, •• = P.0.01,*** = P, 0.001).
Plant species versus control
Wartburgia salutaris Table 3 . Results of t-tests and F-tests for differences between experimental and control heart rate (beats/minute) taken over a 48-hour period (df = Degrees of Freedom, NS = Non Significant, * = P < 0.05, ** -P< 0.01, ••* = P< 0.001).
Warburgia salutans
Gardenia thunbergia
Apodytes dimidiata
Cone. 
Heart rate
Mean heart rate differed significantly for different concentrations for all plant extracts (Fig. 6) . At lethal concentrations all plant extracts reduced heart rate significantly below that of the controls (Table 3) . Lower concentrations of G. thunbergia and A. dimidiata, however, resulted in a slight increase in heart rate, or a non-significant difference from the controls. As was found for oxygen consumption, the variation as measured by the F-test was significantly greater for snails exposed to molluscicides than the natural variation shown by controls. This indicates that even if mean heart rate does not differ significantly from the controls, snails are unable to maintain their heart rates at normal levels. Response to A. dimidiata was the exception and is evidence of a more consistent response to the molluscicide.
In response to W. salutaris, heart rate was significantly lower than the controls at lethal and high sublethal concentrations, and fluctuated little from one interval to the next (Fig.  7) . At low sublethal concentrations mean heart rate was similar to the controls but fluctuated significantly over the observation period. Heart rate gradually increased with time but returned to normal during the recovery period.
High sublethal concentrations of G. thunbergia (Fig. 8) and A. dimidiata (Fig. 9 ) produced a significant reduction in heart rate over 48 hours. Heart rate dropped and was unable to recover during the recovery period. Low sublethal concentrations resulted in a significant increase in the heart rate. Heart rate increased initially but returned to normal levels during the recovery period.
A significant reduction in heart rate for control snails was recorded over the 48-hour 
Water uptake
Over a 48-hour observation period there was no observable water uptake or loss in snails exposed to any plant extract, at any concentration investigated. Mann-Whitney U-tests showed none of the z-values to be significant.
DISCUSSION
Clinical signs oftoxicity
Snail response to lethal and sublethal concentrations of these plant molluscicides was shown to follow described patterns of distress. A clear distinction among the three plants was the occurrence of haemolysis in snails exposed to G. thunbergia. This was the first indication that, despite the similarity of clinical signs of toxicity, the mode of action for at least one of the plants tested may be occurring via a distinct route. The absence of mucus production in snails exposed to 10 g/1 of W. salutaris suggests that the debilitating effects of the toxin may occur before snails are able to respond by producing mucus.
Oxygen consumption
With extracts of W. salutaris and G. thunbergia, snail response to the presence of lethal and sublethal concentrations did not manifest itself in a change in oxygen consumption during the first four hours of exposure (i.e. two hours equilibration and two hours exposure). The ability to maintain oxygen consumption despite changes in heart rate (discussed below) is noteworthy. The observed variation in oxygen consumption indicated that the snails experienced difficulty sustaining oxygen consumption at regular levels. This was verified by a significant fluctuation in oxygen consumption measured at intervals during exposure to sublethal concentrations. Despite the fluctuations, snails were still able to maintain a mean oxygen consumption at levels not significantly different from the controls. These results suggest that for these two plant species, oxygen consumption in snails is not an immediate physiological response, and hence that respiration may not be directly responsible for mortality.
In contrast, oxygen consumption for the first four hours of exposure to low sublethal concentrations of A. dimidiata was considerably higher than that for high sublethal concentrations. This is quite the reverse of what one would intuitively expect. One explanation for the disparity of response is that molluscicidal activity is operating via two paths. These paths may be dose-dependant and affect different systems at different concentrations. Duke (1992) suggested that most biologically active compounds have several dose-dependent bioactivities: some medicinal and some pesticidal.
Heart rate
The significant reduction in heart rate occurring in control snails, particularly during the recovery period, warns of potential confounding of mortality with a stress factor when mortality is measured under laboratory conditions. Trial protocols prescribe that over a 48-hour period, feeding and aeration are not required. The volume of test fluid has been set at a minimum of 40 ml per snail (WHO, 1965) , a much larger volume than employed in this study. Accordingly, the reduction in heart rate for control snails in this study has been interpreted as stress-related. The exact source of this stress is not known. Without preliminary trials under local laboratory conditions, using local snails, one cannot reasonably disregard the effects of starvation, oxygenation and container size. The effect of this reduction in heart rate on the susceptibility of snails to test molluscicides is not known.
Lethal concentrations of all test molluscicides significantly reduced heart rate within two hours of exposure. High sublethal concentrations resulted in a reduction in heart rate in some cases, while maintaining it relative to controls in others. Low sublethal concentrations either had no effect or resulted in an increase in heart rate. However, variation in heart rate at set intervals suggests difficulty in regulating heart rate at normal levels, regardless of whether an increase or decrease was observed.
Another interesting observation was the apparent independence of heart rate and oxygen consumption (except for sublethal concentrations of A. dimidiata). This is remarkable since they should be physiologically correlated (already discussed). It is possible that although heart rate is affected, the snails physical inactivity results in lower demand such that oxygen consumption can be maintained as long as they remain immobile. The reduction in heart rate for G. thunbergia and W. salutaris suggests possible neurological effects (particularly in relation to pacemaker activity).
Water uptake
In contrast with earlier findings (presented in the Introduction), no significant changes in water uptake were observed over the 48-hour experimental period. It may be that perturbations in water uptake occur during the exposure period but return to normality during the recovery period. Interpretation of such findings is difficult, given that the concentrations tested, although sublethal, would produce mortality of some snails and should therefore result in some measurable effects on osmoregulation. Measurement of water uptake during the exposure and recovery period may improve our understanding of observed changes in water balance.
CONCLUSIONS AND SUGGESTED
MODE OF ACTION Snails exposed to these three plant molluscicides do follow a previously described distress syndrome, but the occurrence of haemolysis only in snails exposed to G. thunbergia is one indication that the mode of action may not be the same for all three plants.
Respiratory failure does not appear to be a primary cause of mortality in response to W. salutaris and G. thunbergia extracts. However, there is evidence that snails have difficulty maintaining oxygen consumption at regular levels. The independence of oxygen consumption and heart rate parameters for snails exposed to these two plants, suggests that mortality may result either from direct effects on the heart, or through indirect effects on pacemaker activity. Indirect neurological effects should also not be ruled out.
A. dimidiata, at low sublethal concentrations alone, causes a substantial increase in oxygen consumption. This disparity in oxygen consumption at high and low sublethal concentrations may be due to the occurrence of more than one mode of action for the plant extract. The particular mode(s) of action would then be dose-dependent. Reduced heart rates at lethal concentrations suggests that mortality may occur through effects on the heart (either directly or indirectly through oxygen consumption), neurosecTetion or the inhibition of enzyme systems involved in oxygen uptake.
Water balance does not appear to be an important factor in snail mortality although frequent mention is made of its potential involvement with respect to other molluscicides.
Despite the common fate of snails exposed to these three molluscicides, the process of death appears to occur via three distinct routes. Changes in heart rate, oxygen consumption and water uptake in snails are difficult to interpret in terms of mode of action because of the complex physiological' interrelationships which exist (Fig. 1) . Further neurological investigations, or more direct attempts to identify the site/s of activity, are necessary if credible modes of molluscicidal action are to be proposed.
